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Abstract. The treatment of the ∆-current and its contribution in the exclusive 16O(e, e′pp)14C and
16O(γ, pp)14C knockout reactions are investigated in combination with the effects of correlations. Differ-
ent parametrizations of the effective ∆-current and different treatments of correlations in the two-nucleon
overlap function are considered. The results are presented and discussed for a suitable choice of kinematics.
It is found that the investigation of different mutually supplementing kinematics is necessary to resolve the
uncertainties in the theoretical ingredients and extract clear and unambiguous information on correlations.
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1 Introduction
The independent particle shell model, describing a nucleus
as a system of nucleons moving in a mean field, can re-
produce many basic features of nuclear structure. It is,
however, nowadays understood that the repulsive core of
the NN -interaction induces additional short-range corre-
lations (SRC) which are beyond a mean-field description.
SRC have a decisive influence on the spectral distribution
of nucleons and on the binding properties of atomic nuclei.
A powerful tool for the study of SRC are electromagneti-
cally induced two-nucleon knockout reactions like (γ,NN)
or (e, e′NN) because the probability that a real or a vir-
tual photon is absorbed by a nucleon pair should be a di-
rect measure for SRC (for an overview, see [1]). However,
this simple picture is modified by the competing mecha-
nisms which may additionally contribute to two-nucleon
knockout due to their two-body character. At low and in-
termediate energies, the most important ones are those
due to two-body meson-exchange (MEC) and ∆ currents,
as well as final-state interactions (FSI). The latter con-
sist in principle of two different contributions, namely the
mutual interaction of the two emitted nucleons (NN -FSI),
which can be described by a realistic NN -interaction [2,
3], and the interaction of each of the two outgoing nucleons
with the residual nucleus, which is described in our model
by a suitable optical potential. Whereas NN -FSI depend
strongly on the kinematics and on the chosen electromag-
netic probe [2,3], the N -nucleus interaction generally rep-
resents the main contribution of FSI and can never be
neglected. The optical potential always leads to a strong
reduction of the calculated cross section leaving, however,
its main qualitative features unchanged [2,3,4]. Moreover,
the model dependence due to the specific choice of a real-
istic optical potential turns out to be small [1,4].
Concerning the two-body currents, the nonrelativistic
pion-in-flight and seagull MEC contributions (see Fig. 1)
are forbidden in pp-knockout. Therefore, the only electro-
magnetic background mechanism we have to deal with in
pp-knockout is the ∆-current, consisting of an excitation
and a deexcitation part (Figure 1).
It was found in previous studies [1,5,6,7,8,9,10,11,12]
that the relevance of the ∆-contribution depends strongly
on the kinematics and on the particular final state of the
residual nucleus, as well as on the type of electromagnetic
probe. It is possible to envisage specific situations where
either the contribution of the one-body or of the two-body
∆-current is dominant. A combined study of both types of
situations may provide an interesting tool to disentangle
and separately investigate the two reaction processes.
If one is primarily interested in studying correlations,
situations and kinematics should be preferred where the
∆-contribution is as small as possible, because the remain-
ing one-body contribution can only contribute via correla-
tions in the initial or in the final state, and should there-
fore be maximized in order to have the most direct access
to SRC.
In any case, a conceptual satisfying description of the
behaviour of the ∆ in the nuclear medium is necessary.
This would also require a consistent treatment of nucleonic
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as well as ∆-degrees of freedom in the two-body overlap
function in the initial as well as in the final state which
is, however, not available at present. Therefore, one has
to rely on approximative schemes.
The central aim of the present paper is a systematic
study of different tractable parametrizations of the ∆-
current and of their contribution to pp-knockout off com-
plex nuclei in comparison with the one-body one. The
paper is organized as follows. In sect. 2 various treat-
ments of the ∆-current are discussed. In sect. 3 the choice
of kinematics for the present investigation is discussed.
Numerical results for the cross sections of the exclusive
16O(e, e′pp)14C and 16O(γ, pp)14C reactions are presented
in sect. 4. Some conclusions are drawn in sect. 5.
2 The ∆-current
As has already been mentioned, the effective∆-current op-
erator ∆N , depicted in the bottom line of Fig. 1, consists
of two parts, namely an excitation (I) and a deexcitation
(II) part
∆N = 
(I)
∆N (1, 2) + 
(II)
∆N (1, 2) + (1→ 2) , (1)
which are given by

(I)
∆N (1, 2) = VN∆(1, 2)G∆(
√
sI)J∆N (1) , (2)

(II)
∆N = JN∆(1)G∆(
√
sII)V∆N (1, 2) . (3)
In these expressionsJ∆N , with J∆N=(JN∆)
†, describes
the electromagnetic transition γN → ∆. If we restrict our-
selves to the dominant magnetic dipole (M1) transition,
J∆N is given in photonuclear reactions by the matrix el-
ement
〈∆|J∆N |N〉 = G
∆N
M1
2MN
iσ∆N × k e (τ∆N )0 , (4)
where e denotes the elementary charge, k the photon mo-
mentum and MN the nucleon mass. The spin and isospin
transition operators σ∆N and τ∆N are fixed by their re-
duced matrix elements 〈32 ||σ∆N || 12 〉 = 2 and 〈32 ||τ∆N || 12 〉 =
2. The value of the coupling constant G∆NM1 = 4.22 can be
extracted from the elementary total photopionproduction
cross section in the ∆-region [13]. For virtual photons a
usual electromagnetic dipole form factor
F (Q2) =
[
1 +
Q2
(855MeV)2
]−2
(5)
has additionally to be taken into account.
The propagator G∆ in (2) depends strongly on the
invariant energy
√
s of the ∆. If we omit medium modifi-
cations and treat the ∆ as a free particle, we use, following
[15],
G∆(
√
s) =
1
M∆ −
√
s− i2Γ∆(
√
s)
, (6)
where Γ∆ is the energy-dependent decay width of the
∆ taken from Ref. [14] and M∆ = 1232 MeV its mass.
In the excitation part, we use for the invariant energy√
sI =
√
sNN −MN , where √sNN is the experimentally
measured invariant energy of the two outgoing protons. In
the deexcitation part the choice
√
sII = MN turns out to
be the most appropriate one [15].
We now turn to the potential VN∆(1, 2), with V∆N (1, 2)
= (VN∆(1, 2))
†
, describing the transition N∆→ NN via
meson exchange. In this work, besides the usual static π-
exchange, we consider in addition also the static ρ-exchange,
i.e.
VN∆ = V
pi
N∆ + V
ρ
N∆ , (7)
whose explicit expressions are well known from literature,
see e.g. [16,17,18]:
〈NN(p ′)|V piN∆|∆N(p )〉 = −
1
(2π)
3 FpiNN (q
2)FpiN∆(q
2)
fpiNNfpiN∆
m2pi
τNN (2) · τN∆(1)σNN (2) · q σN∆(1) · q
q2 +m2pi
,(8)
〈NN(p ′)|V ρN∆|∆N(p )〉 = −
1
(2π)
3 FρNN (q
2)FρN∆(q
2)
fρNNfρN∆
m2ρ
τNN (2) · τN∆(1)(σNN (2)× q) · (σN∆(1)× q)
q2 +m2ρ
.
(9)
In these expressions q = p − p′, where p (p′ ) denotes
the relative momentum of the ∆N (NN) system in the
initial (final) state. The quantities FxNN and FxN∆, x ∈
{π, ρ}, are the so called hadronic form factors necessary for
regularizing the potentials at short distances, where the
meson-exchange picture becomes meaningless. As usual,
they are parametrized as follows
FxNN (q
2) =
(
Λ2xNN −m2x
Λ2xNN + q
2
)nxNN
, (10)
FxN∆(q
2) =
(
Λ2xN∆ −m2x
Λ2xN∆ + q
2
)nxN∆
, (11)
where the integers nxNN , nxN∆, as well as the cutoffs
ΛxNN and ΛxN∆, can be treated as free parameters. In the
following, various approaches are considered where differ-
ent values are given to these parameters, as well as to the
coupling constants fxNN and fxN∆.
In the simplest approach, called ∆(NoReg), we use
only an unregularized pionic transition potential, i.e.
f2piNN
4π
= 0.08 ,
f2piN∆
4π
= 0.35 , ΛpiNN = ΛpiN∆ →∞,
V
ρ
N∆ = 0 . (12)
Here, fpiN∆ has been extracted from the ∆-decay width.
An unregularized pionic transition potential is used in [11,
12,19]. This approach is similar to our previous treatment
of the ∆-current, where only a simple regularization was
included in coordinate space.
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An unregularized transition potential can be used only
if the ∆-contribution to pp-knockout is performed pertur-
batively up to the first order in fpiN∆. In a more sophisti-
cated approach going beyond (2), additional contributions
like the one depicted in Fig. 2 could in principle occur,
where the ∆ can be excited and deexcited several times in
the nuclear medium. Such mechanisms lead to serious di-
vergences, well known from NN -scattering [16,20], which
can only be removed within a regularized treatment. The
essential question is, however, how to fix, within such a re-
fined approach, the free parameters, especially the cutoffs,
in (8) and (9). In this work, we select for this purpose two
alternative scenarios: NN -scattering and πN -scattering.
In a first approach, that we call ∆(NN), the param-
eters are fixed considering the NN-scattering in the ∆-
region. For this purpose, we use a nonperturbative treat-
ment of VN∆ as outlined in some detail in [21,22]. It turns
out that a fairly good description of the NN -scattering
data in the ∆-region can be achieved by choosing param-
eters similar to the ones of the full Bonn potential [20],
i.e.
f2piNN
4π
= 0.078,
f2piN∆
4π
= 0.224,
f2ρNN
4π
= 7.10,
f2ρN∆
4π
= 20.45,
ΛpiNN = 1300MeV, ΛpiN∆ = 1200MeV,
ΛρNN = 1400MeV, ΛρN∆ = 1000MeV,
npiNN = npiN∆ = nρNN = nρN∆ = 1 . (13)
In an alternative approach, the parameters of the ∆
are fixed from πN -scattering in the P33-channel. We call
this approach ∆(πN). If we consider only the dominant
P33-channel, a suitable choice of parameters is [23]
f2piN∆
4π
= 1.393, ΛpiN∆ = 287.9MeV, npiN∆ = 1 . (14)
The values for fpiNN and ΛpiNN cannot be simply ex-
tracted from πN -scattering in the P33-channel. Therefore,
here we use the ones of the full Bonn potential [20], i.e.
the same as in (13):
f2piNN
4π
= 0.078, ΛpiNN = 1300MeV, npiNN = 1 . (15)
We note that also in this approach, like in ∆(NoReg),
the ρ-exchange part V ρN∆ is switched off. We point out
the dramatic differences in the values of fpiN∆ and ΛpiN∆
for the two treatments in (13) and (14). A more detailed
discussion of this point can be found in [24,25,26].
In all the approaches considered till now, the ∆ is
treated as a free particle. In pp-knockout on complex nu-
clei, however, medium modifications in the ∆-excitation
or deexcitation mechanism may occur. In order to obtain
an indication of the relevance of medium effects, we follow
the procedure suggested in [27] by a comparison between
the 12C(e, e′) cross section in the ∆-region and the results
of the ∆-hole model [28,29], and add a shift (−30 − 40i)
MeV in the denominator of G∆ (see eq. (6)). In this last
approach, that we call ∆(πN,mod), we use such a modi-
fied G∆ propagator and the same coupling constants and
cutoffs as in ∆(πN). A similar approach was used in the
analysis of [30].
3 The choice of kinematics
A consistent treatment of the ∆ in electromagnetic break-
up reactions on complex nuclei is presently not available.
The parametrizations of the effective ∆-current proposed
in the previous section are therefore not “fundamental”
from a certain point of view. By choosing extreme sce-
narios, like an unregularized versus strongly regularized
treatments, we are able to obtain an estimate of the the-
oretical uncertainties. Some explicit results are presented
in the next section. It is however clear from the beginning
that these different parametrizations may give large nu-
merical differences in the observables. From this point of
view, one might be interested in specific kinematics where
the ∆-contribution as well as its sensitivity to the differ-
ent parametrizations is either maximized (i) or minimized
(ii). Case (i) allows us to pin down the most suitable ∆-
parametrization in two-nucleon knockout whereas case (ii)
represents in principle the cleanest scenario to extract cor-
relation effects.
Specific kinematics where either contribution of the
one-body or of the two-body ∆-current is dominant were
already envisaged in previous studies of electromagnetic
two-nucleon knockout. These kinematics can represent a
good basis for the present investigation. Since, however,
our main aim here is to evaluate the relevance of the un-
avoidable uncertainties in the ∆-contribution, it can be
useful to maximize or minimize these uncertainties with
the help of interference effects between the ∆- and the
one-body current. We may try to study this problem an-
alytically using some simplifying assumptions. Therefore,
let us ignore for the moment FSI, so that the final state
of the two outgoing nucleons can be described by an an-
tisymmetrized (A) plane wave (PW):
|ψf 〉A = |p1,p2; sf ,msf ; tf ,mtf 〉
−(−1)sf+tf |p2,p1; sf ,msf ; tf ,mtf 〉 . (16)
It is known from previous investigations that such a sim-
ple PW-approximation leaves in most kinematics the qual-
itative features of the cross sections unchanged. In (16),
pi denotes the asymptotic free momentum of nucleon i,
while sf and msf label the total spin of the two outgoing
nucleons and its projection, respectively. For the isospin
quantum numbers tf and mtf , in pp-knockout we have
always tf = 1 and mtf = 1.
In the (e, e′pp) reaction the one-body current consists
of three parts, namely the longitudinal charge term (ρ)
and the transverse convection (con) and spin (spin) cur-
rents. Denoting by |ψi〉 the relative part of the initial state
with spin (isospin) quantum numbers si,msi (ti,mti) and
wave function ψi, the relevant matrix elements of the three
4 :
terms of the one-body current are given by
A〈ψf |ρ(1)|ψi〉 ∼ δsf siδmsfmsi
×
[
ψi
(
p− k
2
)
+ (−1)sfψi
(
−p− k
2
)]
, (17)
A〈ψf |con(1)|ψi〉 ∼
(
2p1 − k
2MN
)
δsf siδmsfmsi
×
[
ψi
(
p− k
2
)
+ (−1)sfψi
(
−p− k
2
)]
, (18)
A〈ψf |spin(1)|ψi〉 ∼ 〈sfmsf |i
σNN (1)× k
2MN
|simsi〉
×
[
ψi
(
p− k
2
)
+ (−1)sfψi
(
−p− k
2
)]
, (19)
where isospin factors have been omitted for the sake of
simplicity. The quantity p denotes the relative momentum
of the two nucleons in the final state, i.e. p = p1−p22 .
It is obvious from the above equations that the spin-
term (19) is the ideal interference partner for the∆-current,
because both have their main contribution in the magnetic
dipole (M1)-transition. When the two protons are in a 1S0
initial relative state, si = 0 and sf must be necessarily 1
for the spin-current contribution (19). As a consequence,
if |p− k2 | = |−p− k2 |, the spin-current vanishes and cannot
produce any interference with the ∆-current. This is just
the condition of the so-called symmetrical kinematics, de-
picted in the top panel of Fig. 3, where the two nucleons
are ejected at equal energies and equal but opposite angles
with respect to the momentum transfer. As a sidemark,
we would like to mention that in this kinematics, besides
the spin-current, also the convection part (18) vanishes
within a PW-approach for a 1S0 initial relative state.
In contrast, in the so-called super-parallel kinematics,
depicted in the middle panel of Fig. 3, where the two nu-
cleons are ejected parallel and anti-parallel to the momen-
tum transfer k, the difference of the arguments |p− k2 | and
| − p − k2 | of ψi in (19) is maximized for a given k, and
the contribution of the spin-current should become impor-
tant. Therefore, we can expect that in the super-parallel
kinematics also the interference between the spin- and the
∆-contribution is maximized and the existing uncertain-
ties in the ∆-parametrization become most crucial.
These arguments, which have been brought within a
PW-approach and for a 1S0 initial proton pair, should
not be changed significantly by FSI and should be valid in
all the situations where the 1S0 relative partial wave gives
the main contribution, such as in the 16O(e, e′pp) reac-
tion to the 0+ ground state of 14C [6]. Therefore, in the
present investigation cross section calculations for the re-
action 16O(e, e′pp)14Cg.s. have been performed in coplanar
symmetrical and super-parallel kinematics, i.e. in two situ-
ations where the contribution of the 1S0 relative wave, and
therefore also of SRC, is emphasized [6], and where the in-
terference effects between the one-body and the ∆-current
should be minimized (symmetrical kinematics) and max-
imized (super-parallel kinematics).
The super-parallel kinematics chosen for the calcu-
lations is the same already considered in our previous
work [2,3,6,31] and realized in the 16O(e, e′pp)14C ex-
periment at MAMI [32]. The incident electron energy is
E0 = 855 MeV, the energy transfer ω = 215 MeV, and
k = 316 MeV/c. Different values of the recoil momentum
pB = k−p1− p2 are obtained changing the kinetic ener-
gies of the two outgoing protons. The symmetrical kine-
matics is calculated with the same values of E0, ω, and
k, the kinetic energies of the two outoing nucleons are de-
termined by energy conservation and different values of
pB are obtained changing the scattering angles of the two
protons.
Two different kinematics are considered also for the
reaction 16O(γ, pp)14Cg.s.: a coplanar symmetrical kine-
matics with an incident photon energy Eγ = 400 MeV,
and the coplanar kinematics depicted in the bottom panel
of Fig. 3 with Eγ = 120 MeV, where the energy and the
scattering angle of the first outgoing proton are fixed, at
T1 = 45 MeV and γ1 = 45
◦, respectively, the kinetic en-
ergy of the second proton is determined by energy con-
servation, and different values of pB are obtained by vary-
ing the scattering angle γ2 of the second outgoing nu-
cleon on the other side of the photon momentum. This
choice of kinematics for the (γ, pp) reaction is determined
by the results of our previous work [3,7]. It was found
in [7] that the symmetrical kinematics is dominated by
the ∆-current, whereas the contribution of the one-body
spin- and convection-currents is only of minor importance.
Therefore, this case is interesting to give direct access to
the∆-contribution in a situation where interference effects
between the one-body and the ∆-current are expected to
be small. Note the difference in the symmetrical kinemat-
ics for (γ, pp) and (e, e′pp): As discussed above, in both
cases the contributions of the transverse convection- and
spin-current are suppressed, but in (e, e′pp) also the lon-
gitudinal charge-term contributes and is dominant, as will
become apparent in the next section. On the other hand,
in the kinematics at Eγ = 120 MeV both one-body and
∆-current contributions are important [3]. Therefore, this
case can be helpful to investigate the interplay between
one-body and two-body currents in the (γ, pp) reaction.
4 Results
The cross section of the exclusive 16O(e, e′pp)14C and
16O(γ, pp)14C reactions have been calculated in the kine-
matics discussed in the previous section. The theoretical
model is the same already presented in [5,6,31].
The basic ingredients of the calculation are the matrix
elements of the nuclear charge-current operator between
initial and final nuclear many-body states, i.e.,
Jµ(k ) =
∫
〈Ψf |jµ(r)|Ψi〉eik·rdr . (20)
Bilinear products of these integrals give the components
of the hadron tensor, whose suitable combinations give all
the observables available from the reaction process [1].
The model is based on the two assumptions of an ex-
clusive knockout reaction: the direct mechanism and the
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transition to a specific discrete state of the residual nu-
cleus [5,6,33]. Thus, we consider a direct one-step process
where the electromagnetic probe directly interacts with
the pair of nucleons that are emitted and the A−2 ≡ B
nucleons of the residual nucleus behave as spectators. Re-
cent experiments [32,34,35,36,37,38,39,40] on reactions
induced by real and virtual photons have confirmed the
validity of this mechanism for low values of the excitation
energy of the residual nucleus.
As a result of these two assumptions, the integrals (20)
can be reduced to a form with three main ingredients:
the two-nucleon overlap function (TOF) |ψi〉 between the
ground state of the target and the final state of the residual
nucleus, the nuclear current µ of the two emitted nucle-
ons, and the two-nucleon scattering wave function |ψf 〉.
The treatment of the nuclear current operator has been
discussed in sect. 2. In the final state wave function |ψf 〉
only the interaction of each of the two nucleons with the
residual nucleus is included. The effect of the mutual in-
teraction between the two outgoing nucleons (NN -FSI)
has been studied in [2,3] within a perturbative approach.
The contribution of NN -FSI depends on the kinematics
and on the type of electromagnetic probe, and in partic-
ular situations produces a significant enhancement of the
calculated cross section [2,3]. Work is in progress to in-
clude this contribution within a more accurate treatment.
Detailed studies not outlined here have shown now that
NN -FSI do not disturb qualitatively the conclusions con-
cerning the ∆-current drawn below. Consequently, NN -
FSI can be safely neglected in this work. Therefore, the
scattering state is written as the product of two uncoupled
single-particle distorted wave functions, eigenfunctions of
a complex phenomenological spin and energy dependent
optical potential [41].
The TOF |ψi〉 contains information on nuclear struc-
ture and correlations and in principle requires a calcu-
lation of the two-hole spectral function including consis-
tently SRC as well as long-range correlations (LRC), main-
ly due to collective excitations of nucleons at the nuclear
surface. It is well known from previous work that the cross
sections are generally sensitive to the treatment of corre-
lations. Different approaches are used in [5,6,31,42]. Since
the main aim of the present work is to study the uncer-
tainties in the treatment of the ∆-current in combination
with the effect of correlations, it can be interesting to com-
pare results obtained with different TOF’s. Therefore, the
present calculations have been performed with the three
different approaches used in Refs. [5], [6], and [31].
In the simpler approach of [5] the TOF is given by the
product of a coupled and antisymmetrized shell model pair
function and a Jastrow-type central and state independent
correlation function taken from [43]. In this approach (SM-
SRC) only SRC are considered and the final state of the
residual nucleus is a pure two-hole state. For instance, the
ground state of 14C is a (p1/2)
−2 hole in 16O.
In the more sophisticated approaches of [6] and [31] the
TOF’s are obtained from the two-proton spectral function
of 16O with a two-step procedure which includes both SRC
and LRC. In the first step, LRC are calculated in a shell-
model space large enough to account for the main collec-
tive features of the pair removal amplitude. The single-
particle propagators used for this dressed random phase
approximation (RPA) description of the two-particle prop-
agator include the effect of both LRC and SRC. In the
second step, that part of the pair removal amplitudes
which describes the relative motion of the pair is sup-
plemented by defect functions, which contain SRC, ob-
tained by solving the Bethe-Goldstone equation with a
Pauli operator which considers only configurations out-
side the model space where LRC are calculated. Different
defect functions are obtained for different relative states
using different realistic NN -potentials. In the approach
of [6,44] (SF-A), the non-locality of the Pauli operator is
neglected, resulting in a set of only few defect functions,
which are essentially independent of the center-of-mass
(CM) motion of the pair. In the more recent approach
of [31] (SF-B) the Pauli operator is computed exactly,
resulting in a larger number of defect functions which
have a more complicate state dependence. Moreover, in
[31] the evaluation of nuclear structure effects related to
the fragmentation of the single-particle strength has been
improved by applying a Faddeev technique to the descrip-
tion of the internal propagators in the nucleon self-energy
[45,46]. The defect functions used in the present calcula-
tions are obtained from the Bonn-A NN -potential for the
SF-A approach and from Bonn-C for SF-B. It was found,
however, in [6] that defect functions from the Bonn-A and
Bonn-C potentials do not produce significant differences.
The results for the 16O(e, e′pp)14Cg.s. reaction in the
symmetrical kinematics are displayed in Fig. 4. The shape
of the recoil-momentum distribution is driven by the CM
orbital angular momentum L of the knocked out pair. This
feature, that is fulfilled in a factorized PW-approach, is
not spoiled by FSI [5,6]. Different partial waves of rela-
tive and CM motion are included in the TOF. For the
considered transition to the 0+ ground state of 14C, the
main components of relative motion are: 1S0, combined
with L = 0, and 3P1, combined with L = 1. The shape
of the cross sections in Fig. 4 clearly indicates the dom-
inance of the 1S0, L = 0, component. The separate con-
tributions of the one-body and ∆-current, displayed in
the left panel of the figure, show that the ∆-contribution
is very small. In practice, the whole cross section is due
to the one-body current, in particular to its longitudinal
charge-term. The contribution of the convection and spin-
terms is practically negligible. The results in the left panel
are obtained with the TOF from the SF-B approach and
with the∆(NN) parametrization. Different TOF’s and∆-
parametrizations do not change the qualitative features of
the calculated cross sections. Different parametrizations
affect only the contribution of the ∆-current, but do not
affect the final result, that is dominated by the longitudi-
nal part of the one-body current. Thus, in this case the re-
sults are insensitive to the uncertainties in the treatment
of the ∆. Quantitative differences are produced by the
three TOF’s. The results displayed in the right panel show
that different treatments of correlations do not change the
shape but only the size of the cross section. The SM-SRC
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result is ∼ 2-3 times larger than SF-B, that, in turn, is
between 20-40% larger than SF-A.
The cross section of the 16O(γ, pp)14Cg.s. reaction in
the symmetrical kinematics at Eγ = 400 MeV, displayed
in Fig. 5, is completely dominated by the ∆-contribution.
This qualitative result is obtained with all the ∆-paramet-
rizations and TOF’s considered in the present work. The
shape of the recoil-momentum distribution confirms also
in this case the dominance of the 1S0, L = 0, partial
wave. It is interesting to notice, however, that the sep-
arate contribution of the one-body current is driven by
the L = 1 component. This result can be understood if
we consider that in a reaction induced by a real photon
only the transverse components of the current contribute.
It has been demonstrated in sect. 3 that in a symmetrical
kinematics the transverse part of the one-body current is
strongly suppressed when the two protons are in an initial
1S0 relative state. Thus, the
3P1, L = 1, component gives
the main contribution to the one-body current. This con-
tribution is, however, overwhelmed in the final cross sec-
tion by the ∆-current. Differences larger than one order of
magnitude in the peak-region are produced by the differ-
ent ∆-parametrizations. The largest cross section is given
by the ∆(NoReg) prescription, but large differences are
also found between the ∆(NN) and ∆(πN) results. The
modified propagator in ∆(πN,mod) gives only a slight
reduction of the cross section calculated with the ∆(πN)
parametrization. The results produced by the TOF’s from
the SF-A and SF-B spectral functions are very close. A
slight reduction and a somewhat different shape is ob-
tained with the simpler SM-SRC approach. The differ-
ence in the shape is due to the larger contribution of the
3P1, L = 1, component in SM-SRC. The differences of the
results with the three TOF’s in the two symmetrical kine-
matics in Figs. 4 and 5 are due to the different effects of
correlations on the one-body current in the (e, e′pp) cross
section, and on the two-body ∆-current in the (γ, pp) re-
action.
The results for the 16O(γ, pp)14Cg.s. reaction in the
kinematics at Eγ = 120 MeV are displayed in Fig. 6. In
this kinematics, where both convection- and spin-terms
are important, the one body current gives the main con-
tribution to the cross section. The effect of the ∆-current,
however, is not negligible: it produces a significant en-
hancement of the 3P1 component and a slight reduction
of the 1S0 one. Such a reduction is due to the destructive
interference between the spin- and the ∆-current contri-
butions in the 1S0 relative state. The final result is that
the ∆ affects both the size and the shape of the cross sec-
tion. The shape is determined by the combined effect of
the L = 0 and L = 1 CM components. The uncertain-
ties due to the various ∆-parametrizations are within a
factor of ∼ 2. The SF-A and SF-B results are generally
very close. The differences at lower angles are produced by
the 3P1 component. A substantial reduction of the calcu-
lated cross section is obtained with the simpler SM-SRC
approach.
The cross sections for the 16O(e, e′pp)14Cg.s. reaction
in the super-parallel kinematics are displayed in Fig. 7.
The results obtained with different TOF’s and ∆-param-
etrizations are compared in the figure. Dramatic differ-
ences are found between the unregularized and the regu-
larized treatments of the ∆-current. The ∆-contribution
calculated with the ∆(NoReg) approach differs both in
size and shape from the results of the three regularized
versions, that are in general close to each other. The final
cross section, given by the sum of the one-body and the ∆-
current, calculated in the∆(NoReg) approach turns out to
be generally larger than the cross section due only to the
one-body current. In contrast, the regularized∆-paramet-
rizations give, in combination with the one-body current,
strong destructive interference effects and the final cross
section is generally lower than the contribution of the one-
body current. The relevance of such a destructive interfer-
ence depends on the relative weight of the one-body and
∆-current contributions, that is different with the differ-
ent TOF’s. For each TOF similar results are obtained with
the three regularized ∆-currents. The differences between
the results of unregularized and regularized treatments in
the final cross section depend on the TOF and can be
large.
The SF-A and SF-B approaches produce different one-
body contributions. A substantial reduction for low values
of the recoil momentum is obtained with SF-B [31]. In
contrast, the ∆-contributions obtained in the two models
are very similar. Thus, with SF-B the separate contribu-
tions of the one-body and ∆-current are of about the same
size, while with SF-A the one body-contribution is larger
than the one due to the ∆. As a consequence, a stronger
destructive interference, as well as a larger difference be-
tween the results of the regularized and unregularized pre-
scriptions, is found with SF-B. The uncertainties due to
the ∆-treatment are strongly reduced with SF-A and be-
come even smaller with the simpler SM-SRC approach.
We point out the large differences obtained with the three
TOF’s both in the size and shape of the calculated cross
sections. These differences are due to the different treat-
ments of correlations in the three models, and are empha-
sized in this particular super-parallel kinematics by the
interference between the one-body and the ∆-current.
Some arguments concerning interference effects betwe-
en the ∆ and the one-body current have been already dis-
cussed in sect. 3. The numerical results obtained in the
symmetrical and super-parallel kinematics of the (e, e′pp)
reaction confirm those arguments. In order to illustrate
the conclusions of sect. 3 with a specific numerical ex-
ample and to understand more thoroughly the results of
Fig. 7, we compare in Fig. 8 the separate contributions of
the longitudinal charge- and transverse spin-currents ob-
tained with the three TOF’s. The sum of each term with
the ∆-current is also shown in the figure. The contribu-
tion of the convection-current is negligible and is not con-
sidered here. The calculations presented in the figure are
performed with the ∆(NN) prescription. Similar results
are obtained with ∆(πN) and ∆(πN,mod).
It has been demostrated in sect. 3 that the contribu-
tion of the spin-term, that is minimized in symmetrical
kinematics, becomes important in super-parallel kinemat-
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ics. This result is confirmed by the results of Fig. 8. The
comparison between the charge and spin-current contribu-
tions shows that the spin-current contribution is generally
larger than the longitudinal charge-current one. With the
SF-A approach the spin-current contribution turns out
to be larger by one order of magnitude. It is interest-
ing to notice that while only small differences are found
between the SF-A and SF-B results for the spin-current,
the longitudinal-current contribution calculated in the SF-
B approach is about one order of magnitude lower than
with SF-A. This explains the different results given by
the two TOF’s for the full one-body currents in Fig. 7
and in [31]. When added to the longitudinal term, the
∆-current produces an enhancement of the cross section
that is large with SF-B, where the contribution of the
longitudinal term is small, and small with SF-A, where
the longitudinal contribution is much larger. A different
effect is given by the ∆ in combination with the spin-
term. Here it produces a strong destructive interference
that is larger with SF-B than with SF-A. Similar results
are found with all the regularized ∆-parametrizations. In
contrast, no destructive interference effect is obtained with
the ∆(NoReg) prescription. This explains the results of
Fig. 7.
The results displayed in Fig. 8 with the SF-A and SF-
B approaches are dominated by the 1S0 component, that
is responsible for the destructive interference between the
spin- and ∆-current contributions. For the 3P1 component
the ∆ gives always an enhancement of the one-body cross
section. The somewhat different results shown in Fig. 8
with the SM-SRC two-nucleon wave function are due to
the heavier weight of the 3P1 component in this approach.
The effects of the different ∆-parametrizations in the
3P states can be seen in Fig. 9, where the cross sec-
tion of the 16O(e, e′pp) reaction to the 1+ excited state
of 14C is displayed in the same super-parallel kinematics
as in Fig. 7. For this transition only 3P states contribute:
3P0,
3 P1,
3 P2, all combined with L = 1. The ∆-current
produces a substantial enhancement of the cross section
calculated with the one-body current. The two separate
contributions are of about the same size and add up in
the cross section. Only slight differences are given by the
regularized ∆-parametrizations. A larger cross section is
given by the∆(NoReg) prescription. The differences, how-
ever, are within a factor of about 2.
5 Summary and conclusions
The combined effect of the two-body ∆-current and cor-
relations has been discussed in electro- and photoinduced
exclusive two-proton knockout reactions from 16O.
The ∆-current operator consists of an excitation and
a deexcitation part. The potential describing the transi-
tion N∆→ NN via meson exchange contains the π- and
ρ-exchange. Results with unregularized and regularized
transition potentials have been compared in order to eval-
uate the theoretical uncertainties in the ∆-contribution.
Different parametrizations of the effective ∆-current have
been proposed. The parameters for the regularized pre-
scriptions are fixed alternatively from πN - and NN -scat-
tering in the ∆-region. Nuclear medium effects have been
included through a shift in the ∆-propagator suggested by
a comparison between inclusive electron-scattering data in
the ∆-region and the results of the ∆-hole model.
Correlations are included in the two-nucleon overlap
function within different approaches. In a simpler treat-
ment the overlap function is given by the product of a
shell-model pair wave function and of a Jastrow-type cor-
relation function. In a more sophisticated model the over-
lap function is obtained from the calculation of the two-
proton spectral function. The results of two different cal-
culations are compared, where the spectral function has
been evaluated in the framework of a many-body approach
with a realistic nuclear force, and where short-range and
long-range correlations are taken into account consistently
with a two-step procedure.
In the final state only the interaction of each of the two
nucleons with the residual nucleus is included through an
optical potential fitted to elastic proton-nucleus scatter-
ing. The mutual interaction between the outgoing nucle-
ons (NN -FSI) is neglected, because it is irrelevant for the
qualitative understanding of the ∆-current in the different
considered kinematics.
Many different kinematics can in principle be consid-
ered. With a few numerical examples we have shown that
in different situations different reaction mechanisms can
be relevant and the various ingredients of the calculations
can affect the cross section in a different way. Thus, a
suitable choice of kinematics can allow us to reduce the
uncertainties on the theoretical ingredients and disentan-
gle the specific contributions.
There are situations, like the symmetrical kinematics
in electron scattering, where the contribution of the one-
body current through correlations is dominant, while the
∆-contribution is very small and therefore the cross sec-
tion is insensitive to the uncertainites in the treatment of
the ∆-current. Such situations appear very well suited to
probe correlations, even though the size and shape of the
cross section mainly depend in this case on the momentum
distribution of the proton pair inside the nucleus.
There are also situations, like the symmetrical kine-
matics in photoreactions at intermediate energy, where
the contribution of the one-body current is suppressed and
the cross section is dominated by the ∆-current. In this
case the cross section is very sensitive to the treatment of
the ∆ and to its parameters. Such situations appear well
suited to study the ∆-current in the nucleus and can be
helpful to pin down the most suitable parametrization.
We have shown that there are also kinematics in pho-
toreactions at lower energy where the contribution of the
one-body current is competitive and even larger than the
contribution of the ∆-current. In this case both contribu-
tions are important, but the interference between them
is small and the uncertainties due to different ∆-param-
etrizations are not large. Such situations can be helpful
to investigate correlations in alternative or, preferably, in
combination with electron scattering.
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Finally, we have considered the case of the super-par-
allel kinematics in the (e, e′pp) reaction. Here the cross
section gets a large contribution from both one-body and
two-body currents and their interference can be crucial in
the final result. The peculiarity of the super-parallel kine-
matics is that an important role is played in the one-body
current by the transverse spin-term, whose contribution
is generally larger than the one due to the longitudinal
charge-term. The spin-current has a magnetic dipole form
which can strongly interfere with the dominant term of the
∆-current when the two protons are in an initial 1S0 rela-
tive state. These interference effects can be crucial in the
final cross section when the 1S0 component dominates the
reaction process, like in the case of the transition to the
ground state of 14C. This behavior of the super-parallel
kinematics is completely different from the symmetrical
kinematics, where the spin-current is negligible and the
cross section is dominated by the charge-term.
We have found that in the super-parallel kinematics
the interference between the spin- and the ∆-current in
the 1S0 state is always destructive when a regularized pre-
scription is used for the ∆ and that different regularized
∆-parametrizations give similar results. In contrast, an
unregularized current has a different behavior and gives
no destructive interference with the spin-current. The dif-
ference depends mainly on the relative weight of the lon-
gitudinal and spin-terms, that, in turn, depends on the
treatment of correlations in the overlap function.
Different overlaps can produce large differences in the
contribution of the longitudinal charge-current, which is
essentially an antisymmetrized amplitude given by the
Fourier transform of the correlation function. When the
charge contribution becomes small, the negative interfer-
ence due to the spin-current makes the cross section small
and a reduction of up to one order of magnitude can be
obtained with respect to the one-body contribution. When
the charge contribution is large, it is able to counterbal-
ance the negative interference and the final cross section
becomes larger.
We have found that suitable kinematics can be envis-
aged to study the different ingredients entering the cross
section and the different reaction mechanisms of electro-
magnetic two-proton knockout reactions.
Situations where the longitudinal part of the one-body
current is dominant and the uncertainties in the treatment
of the ∆-current are negligible are well suited to study
short-range correlations. Peculiar interesting effects and a
strong sensitivity to correlations are found in kinematics
where the different terms of the nuclear current compete
and interfere. If we want, however, to extract unambigu-
ous information on correlations, it is indispensable that
all the theoretical ingredients of the reaction are under
control and, in particular to resolve the uncertainties in
the ∆-contribution. To this purpose, situations where the
∆-contribution is dominant can also be envisaged, that
are useful to study the behavior of the ∆-current in the
nucleus.
In conclusion, electromagnetic two-proton knockout re-
actions contain a wealth of information on correlations and
on the behavior of the ∆-current in a nucleus, but it seems
to be impossible to extract this interesting information
just from one or two “ideal” kinematics. Consequently,
experimental data are needed in various kinematics which
mutually supplement each other. Concerning the different
kinematics studied in this work, we are of course aware
that a suitable one for a theoretical analysis is not nec-
essarily the best one for an experimental measurement.
Since comparison between theory and data is necessary,
close and continuous collaboration between theorists and
experimentalists is therefore essential to achieve a satisfac-
tory understanding of electromagnetic two-proton knock-
out and to determine all the ingredients contributing to
the cross section.
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Fig. 1. The electromagnetic currents contributing to two-
nucleon knockout reactions at low and intermediate energies.
∆ ∆ ∆
Fig. 2. A possible ∆-contribution to pp-knockout which is
of higher order in fxN∆ and leads to divergences within an
unregularized approach for VN∆.
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Fig. 3. Graphical illustration of the selected kinematics: (a) symmetrical kinematics with |p1|= |p2|, |γ1|= |γ2|; (b) superparallel
kinematics; (c) kinematics with γ1 = 45
◦ fixed and γ2 varying on the other side of the photon momentum k.
Fig. 4. The differential cross section of the 16O(e, e′pp) reaction to the 0+ ground state of 14C as a function of the recoil
momentum pB in a coplanar symmetrical kinematics with E0 = 855 MeV, an electron scattering angle θe = 18
◦, ω = 215 MeV,
and k = 316 MeV/c. Different values of pB are obtained changing the scattering angles of the two outgoing protons. Positive
(negative) values of pB refer to situations where pB is parallel (anti-parallel) to k. The ∆(NN) parametrization is used in
the calculations. In the left panel the TOF is taken from the SF-B approach and separate contributions of the one-body and
∆-current are shown by the dotted and dashed line, respectively. The solid curve gives the final result. The results with different
TOF’s are shown in the right panel: SF-B (solid line), SF-A (dashed line), and SM-SRC (dash-dotted line).
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Fig. 5. The differential cross section of the 16O(γ, pp)14Cg.s. reaction as a function of the recoil momentum pB in a coplanar
symmetrical kinematics with Eγ = 400 MeV. Line convention in the top and bottom panels as in the left and right panels, re-
spectively, of Fig. 4. In the middle panel the TOF is taken from the SF-B approach and results with different ∆-parametrizations
are compared: ∆(NN) (solid line), ∆(NoReg) (short dashed line), ∆(piN) (dash-dotted line), and ∆(piN,mod) (dashed line).
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Fig. 6. The differential cross section of the 16O(γ, pp)14Cg.s. reaction as a function of the scattering angle γ2 of the second
outgoing proton in a coplanar kinematics with Eγ = 120 MeV, T1 = 45 MeV, and γ1 = 45
◦. Line convention as in Fig. 5.
: 13
Fig. 7. The differential cross section of the 16O(e, e′pp)14Cg.s. reaction as a function of the recoil momentum pB in a super-
parallel kinematics with E0 = 855 MeV, θe = 18
◦, ω = 215 MeV, and k = 316 MeV/c. Different values of pB are obtained
changing the kinetic energies of the outgoing nucleons. Positive (negative) values of pB refer to situations where pB is parallel
(anti-parallel) to k. Results with different TOF’s are compared in the top (SF-B), middle (SF-A) and bottom (SM-SRC) panels.
Results with different ∆-parametrizations are displayed by solid (∆(NN)), short dashed (∆(NoReg)), dash-dotted (∆(piN)),
and dashed (∆(piN,mod)) lines. The separate contributions of the two-body ∆-current are shown in the right panels, the final
results given by sum of the one-body and ∆-currents are shown in the left panels. The dotted lines give the separate contribution
of the one-body current.
14 :
Fig. 8. The differential cross section of the 16O(e, e′pp)14Cg.s. reaction in the same kinematics as in Fig. 7. TOF’s in the
different panels as in Fig. 7. The dotted lines show the contribution of the one-body longitudinal charge- (left panels) and
transverse spin-current (right panels). The solid lines give the results where the two-body ∆-current, calculated with the
∆(NN) parametrization, is added to the corresponding one-body contribution.
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Fig. 9. The differential cross section of the 16O(e, e′pp) reaction to the 1+ excited state at 11.31 MeV of 14C in the same super-
parallel kinematics as in Fig. 7. The TOF is taken from the SF-B approach. The dotted line gives the separate contribution of
the one-body current, the other lines the final result with different ∆-parametrizations: ∆(NN) (solid line), ∆(NoReg) (short
dashed line), ∆(piN) (dash-dotted line), ∆(piN,mod) (dashed line).
